We used a newer, synchrotron-based, spectroscopic technique (nuclear resonance vibrational spectroscopy, NRVS) in combination with a more traditional one (infrared absorption, IR) to obtain a complete, quantitative picture of the metal center vibrational dynamics in a six-coordinated tin porphyrin. From the NRVS 119 Sn site-selectivity and the sensitivity of the IR signal to 112 Sn/ 119 Sn isotope substitution, we identified the frequency of the antisymmetric stretching of the axial bonds (290 cm −1 ) and all the other vibrations involving Sn. Experimentally authenticated density functional theory (DFT) calculations aid the data interpretation by providing detailed normal mode descriptions for each observed vibration. These results may represent a starting point toward the characterization of the local vibrational dynamics of the metallic site in tin porphyrins and compounds with related structures. The quantitative complementariness between IR, NRVS, and DFT is emphasized.
■ INTRODUCTION
Tin porphyrins, historically important compounds for revealing the extent to which the porphyrin ring can expand, 1, 2 have been showcased among other M(IV) porphyrins for their particular combination of chemical and spectroscopic properties, 3 as well as for their numerous practical applications. In medicine, for example, they are used in the treatment of various diseases and conditions associated with increased heme oxygenase activity 4 and as inhibitors of HIV-1 infections. 5 In inorganic chemistry, they serve as components for molecular motors, 6,7 molecular timepieces, 8 and as building blocks for complex supramolecular architectures. 9 Despite having such diverse applications, vibrational spectroscopy studies of tin porphyrins are scarce, especially for low frequencies. 10, 11 To the best of our knowledge, only one vibration below 500 cm −1 was previously assigned 11 (tentatively as porphyrin deformation and Sn−N stretching in the Raman spectra of Sn tetraphenyl compounds). In this study, we concentrate primarily on the low-frequency window to obtain a complete, quantitative picture of the central S n a t o m v i b r a t i o n a l d y n a m i c s i n o c t a e t h y lporphinatodichlorotin(IV) Sn(OEP)Cl 2 (Figure 1 ) from a combination of experimental and computational methods.
On the experimental side, infrared (IR) studies of porphyrins have been carried out for over seven decades. 12 Their rich spectra are fairly well understood (particularly above 400 cm −1 ), with band assignments having been reported for numerous metalloporphyrins with various metal centers, peripheral groups, and axial ligands, as well as for metal-free compounds. Much newer 13−15 is the synchrotron-based nuclear resonance vibrational spectroscopy (NRVS) technique, 16, 17 also known as nuclear inelastic scattering (NIS) or nuclear resonant inelastic X-ray scattering (NRIXS), available only at a few thirdgeneration synchrotron facilities. NRVS takes advantage of tunable, highly brilliant, stable X-ray beams to target a specific (Mossbauer) isotope, regardless of the complexity of the molecule investigated. It yields quantitative information about the dynamics of the atom of interest and the elasticity of its environment. NRVS identifies all the vibrations associated with the respective site and represents a valuable complementary tool to more traditional techniques, such as IR and Raman spectroscopies. Unlike these techniques, NRVS is not hampered by selection rules or solvent interference, and it is virtually background-free. The most studied isotope is 57 Fe, because of the importance of iron in biology (e.g., as the center of the active site in heme proteins), inorganic chemistry (as the central atom in porphyrins used as mimics of the respective active sites), geophysics (iron is the main component of the Earth's interior), and condensed matter physics. However, a handful of other isotopes can be measured, 16 including 119 Sn. 18, 19 On the computational side, density functional theory (DFT) calculations predict the atomic structure with great accuracy (see Table S3 in the Supporting Information) and describe quantitatively the molecular dynamics by providing the vibrational amplitudes for all atoms. A strong synergy has developed over the past few years between NRVS and DFT. On the one hand, experiments provide a stringent test for the calculations; on the other, the interpretation of the measured spectra benefits from the unique insight provided by the calculations. This complementariness is further emphasized in this study.
■ METHODS
The NRVS measurements were carried out at beamline 3-ID at the Advanced Photon Source, Argonne National Laboratory. The main components of the setup are typical of a NRVS experiment: a primary monochromator tunes the energy of the incident photons around 23.88 keV (corresponding to a nuclear resonance of the 119 Sn isotope); a nested high-resolution monochromator consisting of a pair of Si [4 4 4] and Si [12 12 12] crystals 20 reduces the bandpass to approximately 1 meV; and an avalanche photodiode detects the delayed NRVS signal. The prompt, electronically scattered signal is ignored. The sample was loaded in a cryostat. The temperature, determined from the detailed balance condition, was 160 K. We collected 10 scans in the −30−70 meV range (≈−240−560 cm −1 ) with a 0.25 meV step. Data analysis consists of the normalization of the measured signal according to Lipkin's sum rules 21 and of the extraction of the partial vibrational density of states (VDOS) D(v ̅ ). 22 We ran the IR measurements (Bruker IFS 66 v/s) under vacuum on samples diluted to ∼8% in CsI pressed pellets. We used a KBr beamsplitter and germanium-coated Mylar beamsplitter for the mid-IR (4000−400 cm −1 ) and far-IR (600−130 cm −1 ) ranges, respectively. We gathered 128 scans at 2 cm −1 resolution.
DFT calculations were performed with Gaussian98, 23 using B3LYP functionals of the DFT theory and with the DZVP (DFT orbital) basis sets for every atom.
■ RESULTS AND DISCUSSION Figure 2 shows the IR spectra of 112 Sn(OEP)Cl 2 and 119 Sn-(OEP)Cl 2 . The bands above 3000 cm −1 and in the 2900−3000 cm −1 region correspond to in-plane C m -H stretching 24 and to C−H vibrations within the ethyl groups, 25 respectively. The bands in the 600−1500 cm −1 frequency range, on the other hand, are due to motions of the ethyl groups (scissoring, wagging, twisting, and rocking) and of the porphyrin ring (inplane and out-of-plane). 26 We list the frequencies of the main bands of the 119 Sn compound in Table S1 in the Supporting Information, together with their assignments based on comparisons with related molecules, such as Ge(OEP)Cl 2 , M(OEP), and metal-free OEP. 27 Visual inspection of Figure 2 reveals that the two spectra are essentially identical above 400 cm −1 , which is indicative of almost nonexistent motions of the Sn atom in the respective modes. In fact, the majority of the main bands are within a few wavenumbers of those reported for a molecule of a similar structure but with a different central metal, Ge(OEP)Cl 2 . 27 Minor discrepancies between the 112 Sn and 119 Sn spectra include the presence in the former of weak features around 330 cm −1 , between 600 and 700 cm −1 , and around 810 cm −1 (not present in M(OEP) complexes, 27, 28 however, a porphyrin ring mode and an ethyl mode have been reported in this region for Ge(OEP)Cl 2 ). These differences may be due to impurities, slight distortions of the ethyl groups, and/or traces of fourcoordinated Sn(OEP). The latter possibility is supported by the 2870 cm −1 band, which is present in the spectra of metal-free OEP but disappears in the spectrum of the six-coordinated Ge(OEP)Cl 2 .
Band assignment is usually carried out via isotope substitution, comparison between the spectra of molecules with similar structures, and computational methods. For the low frequencies, NRVS represents a powerful additional tool to this approach due to its ability to target a specific isotope ( 119 Sn in this case). In this study, we concentrate on the low-frequency region (below 300 cm −1 ), which is expected to correspond to vibrations of the metal−ligand bonds. 29, 30 The complete Sn VDOS spectrum yielded by NRVS is shown in Figure 3 . The quantitative nature of NRVS is underscored by the fact that the area of each peak is equal to a quantity named mode composition factor e jα 2 , 17,31 defined as the fraction of the total kinetic energy of mode α associated with motion of atom j. The individual peaks and the corresponding e Sn 2 values are listed in Table 1 .
Although common IR and NRVS modes have been previously observed, 32, 33 the mode composition factor represents a valuable additional, quantitative link between NRVS and more traditional vibrational methods (IR, Raman). 
Both features in the IR spectra below 400 cm −1 (consisting of a total of three bands) are isotope-sensitive ( Figure 4a , b, Table  1 ) and are due to vibrations of the metal−ligand bonds. Using eq 1, one can extract the overall contribution of the IR-active modes to the NRVS VDOS (see also the Supporting Information), similar to the contributions due to Raman-active modes in previous studies. 34, 35 The total e Sn 2 value due to the IR-active modes is 0.92 (Table 1) , representing ∼55% of the Sn VDOS between 190 and 320 cm −1 (Figure 4c ).
Using the knowledge gained from previous NRVS studies on single-crystal iron porphyrins 36−38 and heme proteins, 39 we attribute the feature that dominates the NRVS signal (≈200− 280 cm −1 ) primarily to in-plane modes, i.e., to vibrations of the central Sn in the plane of the porphyrin core. This initial interpretation will be later confirmed by the calculations. On the other hand, the 290 cm −1 band in the 119 Sn(OEP)Cl 2 IR spectrum meets the requirements for the antisymmetric Cl− Sn−Cl stretching mode: strong IR intensity and a corresponding strong NRVS signal due to the significant Sn motion involved.
We gain further insight into the Sn dynamics from DFT calculations. DFT predicts the molecular structure and the mean square displacement r of all atoms for each vibrational mode. There is good agreement between measured and predicted structural parameters (see Table S3 in the Supporting Information), with bond lengths being overestimated by less than 2%. DFT yields the mode composition factor e jα 2 for each atom according to 40 
where the sum is over all the atoms. Therefore, e Sn 2 represents the common denominator of the two experimental and one computational techniques used in this study. Table S4 in the Supporting Information lists all the predicted modes involving Sn motion, their IR intensity, the e Sn 2 value for each axis direction (obtained by replacing r with x, y, and z in the numerator of eq 2 35, 41 ), and the total e j 2 for other atoms or groups of atoms (also shown in Figure 5) . The x and y directions are in the plane of the porphyrin core, whereas z is perpendicular to it. The ∑e j 2 (j = Sn, Cl, N, C, ethyl) values provide a quantitative way of describing the predicted modes, in addition to mode visualization ( Figure 6 ).
Sn in-plane and out-of-plane motions are shown in Figure 4d as black and red bars, respectively. No Sn modes are predicted above 360 cm −1 , validating the energy range chosen for the NRVS measurements and confirming the insensitivity of the IR spectra above 400 cm −1 to the nature of the Sn isotope ( Figure  2 ). It is worth mentioning that the ethyl groups have large contributions to most of the Sn modes, accounting for as much as 84% of their kinetic energy (see Table S4 in the Supporting Information).
For atom j, the VDOS is predicted according to Figure S1a in the Supporting Information). The dashed red line includes the contribution from the lattice modes as well (cross-hatched). The solid gray area represents the contribution to the NRVS signal from the IRactive modes. d: Predicted Sn mode composition factors (eq 2, Table  1 , and 
) is a normalized line shape function. For Sn, D(v ̅ ) can be compared directly with the experimental VDOS on an absolute scale. To facilitate this comparison, in eq 3 a Lorentzian line shape with full width at half-maximum Γ=10 cm −1 for ̅ − ̅α v v ( ) was used. Above 200 cm −1 , the discrepancies between the calculated and the observed NRVS frequencies are on the order of a few percent (Table 1) , which is typical for such predictions on similar molecules containing 57 Fe (larger differences have been reported for Fe-axial ligands modes, such as Fe-NO stretch 40, 42 ). The effect of the nature and the orientation of the peripheral groups on the NRVS spectrum and, consequently, the importance of including them in the calculations has been demonstrated previously. 40, 42, 43 With this result in mind, we carried out calculations on various Sn(OEP)Cl 2 conformers and found that the orientation of the ethyl groups with respect to the porphyrin plane considerably influences the accuracy of the predictions: only the correct structure 44, 45 reproduces the overall pattern of the measured spectrum (see Figure S1 in the Supporting Information).
A comparison between the measured and the calculated Sn VDOS is shown in Figure S1a in the Supporting Information. By manually adjusting the frequencies of the predicted modes (the correspondence is indicated with arrows in Figure 4d ), an excellent qualitative and quantitative agreement between experiment and theory is obtained up to 80 cm −1 and above 150 cm −1 (Figure 4c ), as is further discussed below.
The predicted frequency of the ν(Cl−Sn−Cl) asym mode is 301 cm −1 (Figure 6 ). Consistent with the experimental results, it has the largest IR intensity in this frequency range and involves large Sn and Cl motions (see Table S4 in the Supporting Information, Figure 5 ). In fact, most of the kinetic energy of this mode (91%) is localized on this particular vibration. A nearby mode (284 cm −1 ) has a smaller IR intensity (similar to the experiment) and consists of in-plane Sn oscillations, C m H wagging, and ethyl vibrations. It seems natural to ascribe these two modes to the 290.1 and 282.9 cm −1 bands, respectively, in the IR spectrum of the 119 Sn-enriched compound. Inspection of Figure 4c reveals an almost perfect agreement between the measured VDOS, the contribution due to IR-active modes, and the predicted VDOS in the 270−320 cm −1 region. Quantitatively, the total e Sn 2 values for this cluster obtained from NRVS, IR, and DFT (Table 1) are very close (0.47, 0.45, and 0.44, respectively), underscoring the selfconsistency of the three methods employed.
The 215.8 cm −1 IR band is sensitive to Sn isotope substitution (it shifts to 218.8 cm −1 in the 112 Sn spectrum) and therefore contributes to the NRVS signal (Figure 4c ). The calculations predict two modes (218 and 219 cm −1 ) with IR intensity and identical Sn out-of-plane motions ((e Sn 2 ) z = 0.06) accompanied by oscillations of the 16 members of the inner ring in the opposite direction, resembling a mode of γ 7 character. 46 However, Sn motion has a much larger in-plane component in the 218 cm −1 mode compared to the 219 cm −1 mode ((e Sn 2 ) x = 0.31 and 0.03, respectively). Two other modes (209 and 231 cm −1 ) are predicted in the vicinity. They are dominated by ethyl motions (∑ Et e j 2 = 0.58 and 0.84, respectively), with the former involving significant in-plane Sn motion as well ((e Sn 2 ) y = 0.27). Overall, there is very good Table S4 in the Supporting Information. Figure 6 . Select predicted modes with Sn motion. Color scheme is the same as in Figure 1 . With the exception of the 209 cm −1 mode, which involves significant CH 3 motion, hydrogen atoms are omitted for clarity. agreement between the experiment and the calculations in the 200−235 cm −1 region as well (Figure 4c ), as illustrated by the closeness between the measured and the predicted ∑e Sn 2 values: 0.84 from NRVS and 0.79 from DFT ( Table 1) .
The 245 cm −1 band in the NRVS spectrum (e Sn 2 = 0.37) corresponds to the predicted 253 and 256 cm −1 modes (∑e Sn 2 = 0.36), consisting of Sn in-plane motions orthogonal to each other, ethyl vibrations, and, mainly in the latter, pyrrole tilt (notice the large ∑e N 2 and ∑e C a 2 values, Table S4 in the Supporting Information and Figure 5 ). Another predicted inplane mode (273 cm −1 ) corresponds to the measured 264 cm −1 band, although agreement between the measured and the calculated e Sn 2 is not as good as in other cases. We associate the weak 360 cm −1 feature to the predicted 347 and 358 cm −1 modes, which involve some Sn in-plane motion, C b -C 1 scissoring, and pyrrole tilt (the latter also involves C m H wagging).
As reported previously, it is more difficult to find correspondence on a one-to-one basis between the predicted modes and the measured VDOS below 200 cm −1 . 36, 40, 43 However, we propose that the predicted 149 and 153 cm −1 modes, in which ethyl vibrations dominate (mainly C b -C 1 rocking), and the 29 cm −1 mode, which resembles the γ 9 mode described elsewhere, 46 correspond to the measured 180 and 44 cm −1 bands, respectively. We fitted the measured signal between 60 and 150 cm −1 with two peaks with a total area of 0.30, but DFT predicts only one mode (121 cm −1 ), assigned as γ 8 . This situation is reminiscent of that encountered previously in iron tetraphenyl porphyrins, in which the frequency of the predicted mode was between the frequencies of two features in the experimental spectrum. 36 Several predicted modes with Sn motion are shown in Figure 6 .
Finally, lattice modes also contribute to the low-frequency measured VDOS. The integrated area from zero to ∼40 cm −1 is ∑e Sn 2 = 3m Sn /M = 0.49, expected for the translation of the entire molecule. 31, 47 This value is very close to the area of the first fitted peak (Table 1) , shown as a continuous black line in Figure 3 . If we add this contribution to the predicted VDOS generated with eq 3 we obtain excellent agreement between the experiment and the calculation below 80 cm −1 as well (dashed red line in Figure 4c ).
■ CONCLUSIONS
We obtained the complete vibrational dynamics picture of the tin atom in Sn(OEP)Cl 2 using a combination of experimental and computational techniques. We identified all the modes that involve Sn motion and estimated the fraction of the total kinetic energy associated with the metal site, as well as with the porphyrin core and the peripheral groups. This work presents one of the very rare cases in which NRVS is not applied to iron and demonstrates the ability of NRVS to analyze Sn-porphyrin complexes and related molecules. The potency of metalloporphyrins in treating various diseases and conditions is affected by alterations in the central metal atom 48 and in the peripheral groups. 49 These results may represent a starting point for comparative studies of Sn compounds with different peripheral groups and axial ligands, such as heme oxygenase inhibitors Sn(MPIX)Cl 2 and Sn(PPIX)Cl 2 (MPIX = mesoporphyrin IX; PPIX = protoporphyrin IX); verdohemes; 50, 51 and porphyrins with four peripheral coordination sites used in the synthesis of molecular motors. 7, 52 Furthermore, and more generally, the ability of IR spectroscopy (and similarly, Raman spectroscopy) to predict a significant portion of the NRVS results can be used to generate the partial VDOS for isotopes that otherwise are not suitable for NRVS, thus providing access to various thermodynamic and elastic parameters. 53 For example, we found that ∼50% of the Sn VDOS above 160 cm −1 is due to IR-active modes, but this percentage can be higher for nonsymmetric molecules, whose Raman spectra may be sensitive to isotope substitutions of the metallic site. 34, 35 (We note that our Raman spectra of Sn(OEP)Cl 2 , which we have not discussed in this work, revealed no dependence on 112 Sn/ 119 Sn isotope substitution). This isotope-substitution approach circumvents one of the NRVS's main disadvantages (the small number of isotopes that can be targeted) and can become a useful tool for investigations of diverse compounds, such as Mg porphyrin complexes functioning as photoreceptors for photosynthesis, Zr(IV) chiral complexes, 54 and anticancer metallodrugs containing a wide range of metals. 55 ■ ASSOCIATED CONTENT
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